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A fast and exact detection of phase and fundamental frequency of grid voltage/current is essential for
calculating accurate reference signal in order to implement the control algorithm of inverter-interfaced
distributed generation (DG) system and realize precise harmonic compensation. However, the methods
adapted in the literature based on phase locked loop (PLL) exhibits large phase error, be difﬁcult to
implement, and their performance is also indistinct under conditions where the grid frequency varies or
the supply is distorted with low frequency harmonics. This paper explores an improved phase detection
system for DG system based on Sliding Discrete Fourier Transform (SDFT). The proposed SDFT based
phase detection shows a robust phase tracking capability with fast transient response under adverse
situation of the grid. Moreover, SDFT phase detection system is more efﬁcient as it requires small number
of operations to extract a single frequency component, thereby reducing computational complexity and
simpler than DFT. The superior performance of proposed SDFT phase detection system is analyzed and
the obtained results are compared with Discrete Fourier Transform (DFT) ﬁltering to conﬁrm the
feasibility of the study under different grid environment such as high frequency harmonic injection,
frequency deviation, and phase variation etc.
Copyright © 2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
As the renewable energy sources are intermittent in nature, in
order to ensure safe and reliable operation of power system based
on new and renewable sources at par with conventional power
plants, usually power system operators should satisfy the grid code
requirements such as grid stability, fault ride through, power
quality improvement, grid synchronization and active/reactive
power control etc [1]. Grid code requirements are generally ach-
ieved by grid-side converter based on power electronic devices.
According to grid code requirements, operation capacity of grid-
side converter (GSC) largely depends on the information about
the phase of the grid voltage, and the control system must be
capable of tracking the phase angle of grid voltage/current
accurately.bcbabunitrkl@rediffmail.com
, eugeniusz.rosolowski@pwr.
oc.pl (Z. Leonowicz).
ity.
duction and hosting by Elsevier BSeveral methods have been proposed for grid synchronizing and
are available in the literature, ranging from simple methods based
on detection of zero-crossings of grid voltage to more advanced
numerical processing of the grid voltage based on PLL measure-
ment [2e4]. But, difﬁculties are encountered when the inverter
needs to determine phase/frequency information from a weak and
a distorted grid voltage. The well-established concept of Synchro-
nous Reference Frame (SRF) PLL is inherently tracking both the grid
voltage phase angle and the grid frequency for reference signal
generation of control of power converters. The principal idea of
phase locking is to generate a signal whose phase angle is adap-
tively tracking variations of the phase angle of a given signal [3]
However, analog solutions provided by PLL techniques are often
unsatisfactory, primarily because if the grid voltage is ﬁltered
before the phase detector, it is quite difﬁcult to avoid introducing
phase lead or lag into the ﬁltered waveform. In order to alleviate
this problem, several digital ﬁltering techniques have been pro-
posed. On the other hand, applications of digital signal processing
(DSP) to the modern power systems have received the increase in
attention for the past couple of decades. The ﬁnite impulse
response (FIR) ﬁlter is one among themwith great interest, because
of its linear phase response that leads to accuracy in phase.V. All rights reserved.
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be complex to understand and implement. A new adaptive notch
ﬁltering based phase detection system is proposed in Yazdani et al.
for single-phase system and it shows that the proposed system is
simple, robust and less complexity in digital implementation [6].
However, transient response is sluggish especially during grid
voltage/frequency variation. Brendan Peter McGrath et al., have
proposed new recursive DFT ﬁlter for phase error correction for line
synchronization by using time window and phase error correction
method [7]. However it is found that, the recursive DFT ﬁlter pro-
duce large steady state error due to variable sample rate. P. Sumathi.
et al. has introduced SDFT ﬁltering for extracting the fundamental
real and imaginary signals from the harmonic-rich periodic input
signal. However, the stability problem arises due to band pass
characteristics of SDFT ﬁltering.
This paper presents an improved phase detection system for
grid-interactive power converter based on Sliding Discrete Fourier
Transform (SDFT). The proposed SDFT based phase detection shows
a robust phase tracking capability with fast transient response
under adverse situation of grid. Moreover, SDFT phase detection
system is more efﬁcient as it requires small number of operations to
extract a single frequency component, thereby reducing compu-
tational complexity and simpler than DFT. The immediate advan-
tages of the proposed sliding DFT PLL are: frequency adaptability,
full account of unbalanced conditions, high degree of immunity to
disturbances and harmonics, and structural robustness. The supe-
rior performance of proposed SDFT phase detection system is
studied and the obtained results are compared with DFT ﬁltering to
conﬁrm the feasibility of the study under different grid environ-
ment such as high harmonic injection, frequency deviation, and
phase variation etc.2. Phase detection by Synchronous Reference Frame (SRF) PLL
Synchronous Reference Frame (SRF) PLL is mainly used for
tracking the phase angle in case of 3-phase signals which uses
Park's Transformation of a 3-phase signal as the phase-detector
(PD). The schematic diagram of three-phase SRF PLL is illus-
trated in Fig. 1 [9]. To obtain the phase information, the three
phase (Va, Vb, Vc) grid voltages are transformed into two phases
(Va, Vb) in stationary reference frame (a  b) by using Clark's
transformation and these two phases are further transformed into
direct and quadrature (Vd, Vq) axis components in synchronously
rotating reference frame (d  q) by using Park transformation.
Then the phase angle q is tracked by synchronously rotating
voltage space vector along q or d axis by using PI controller. The
grid voltage is given as
Va ¼ Vm*sin q (1)
Vb ¼ Vm*sin

q 2p
3

(2)Trans-
formation to
synchronous
frame
3-Ph to 2-Ph
Trans-
formation
V α
V β
V q
V d
V
Va
Vb
Vc
Fig. 1. Basic structure oVc ¼ Vm*sin

qþ 2p
3

(3)
where ‘q’ is the estimated phase angle. The ab-transformation
matrix is given as
Tab ¼ 23
2
664
1 1
2
1
2
0 
ﬃﬃﬃ
3
p
2
ﬃﬃﬃ
3
p
2
3
775 (4)
Vab ¼ Tab*Vabc (5)

Va
Vb

¼

Vm*sin q
Vm*cos q

(6)
The dq-transformation matrix is given as
Tqd ¼

sin q* cos q*
cos q* sin q*

(7)
2.1. Response of SRF PLL during high frequency harmonic injection
The three phase input signal contains fundamental frequency of
50 Hz (1 p.u), with 33% of 3rd (0.33 p.u), 25% of 5th (0.25 p.u), 17% of
7th (0.17 p.u), 13% of 9th (0.13 p.u) and 8% of 11th (0.08 p.u) har-
monics, shown in Fig. 2(a) and the corresponding actual and esti-
mated phase is illustrated in Fig. 2(b). The estimated phase angle is
tracked by synchronizing the voltage space vector along q-axis is
shown in Fig. 2(c). It is shown that, SRF PLL system is sensitive to
harmonics and the corresponding estimated phase contains second
harmonic ripples (100 Hz). As result, the estimated frequency is not
so accurate from the Fig. 2(d) with the presence of low frequency
harmonics components in the PI controller output. Hence the Total
Harmonic Distortion (THD) of the fundamental signal extracted by
SRF PLL is found to be 6.51%.3. Phase detection by DFT algorithm
This section reveals the generalized concept of DFT ﬁltering for
phase detection. As it is a recursive digital ﬁlter, the fundamental
frequency/phase of the grid can be estimated accurately even with
distorted input signal. Fig. 3 depicts the block diagram of conven-
tional DFT ﬁltering for phase detection. It consists of DFT, Moving
average ﬁlter, proportional and integral (PI) controller and
Numerically Controlled Oscillator (NCO).3.1. DFT
Consider a time signal x(t) that is sampled at the rate of N * f to
produce a time sequence of x(n) which contain the N data pointsPI
Controller Integrator
d * = 0 ωff
ω
f SRF PLL system.
Fig. 2. Response of SRF PLL during high frequency harmonic injection. (a) Three phase grid voltage waveforms. (b) Actual and estimated phases. (c) Estimated phase angle. (d)
Estimated fundamental frequency.
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the kth harmonics of x(n) at unit time delay and it can be written as
Xk

n 1 ¼ Xn1
nN
x

n

eðj2pðn1Þk=NÞ (8)
A new time sample of x(t) is taken and the DFT at the one time
step later n becomes
Xk

n
 ¼ Xn
nNþ1
x

n

eðj2pðn1Þk=NÞ (9)
Subtracting (8) from (9), we get
Xk

n
 ¼ Xkn 1þ 	xn xn N
eðj2pkðn1Þ=NÞ (10)
This equation is a recursive expression for the DFT of x(n).A/D DFT PhaseDetector
HMA (Z)
ena
PI Controller
enao
LimiterNCO
enao
Sampling
Pulses
fs+∆fs
25.6KHz
Re
Im
e
ebar
α
Input Signal
x(t)
enax(n)
Fundamental
Moving
Average
Filter
Fig. 3. Block diagram of DFT ﬁltering for phase detection.Take Z transform for Equation (3), we get
H

Z
 ¼ XkðnÞ
XðnÞ ¼
	
1 ZN

1 Z1 e
ðj2pðn1Þk=NÞ (11)
The real part of recursive DFT is
Re½XkðnÞ ¼
	
1 ZN
xn
1 Z1 cosð2pðn 1Þk=NÞ (12)
The imaginary part of recursive DFT is
Im½XkðnÞ ¼
	
1 ZN
xn
1 Z1
 sinð2pðn 1Þk=N (13)
Based on Equations (12) and (13) the DFT structure is shown in
Fig. 4.Fig. 4. Structure of DFT.
Fig. 5. Pole-zero plot for a DFT ﬁlter with N ¼ 64, k ¼ 1.
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xk

n
 ¼ GkXkneðj2pðn1ÞÞk=NÞ
G

k
 ¼ N1 : k ¼ 0;N
.
2
2N1 : otherwise

(14)
By taking Z transforms for Equations (3) and (7), the ﬁnal
simpliﬁed form of Z-transform of the DFT become
xkðZÞ
XkðZÞ
¼ 1
N
"
1 ZN
1 ej2pk=NZ1 þ
1 ZN
1 ej2pk=NZ1
#
(15)
For fundamental frequency extraction by DFT, the ‘k’ value
become one and therefore Equation (15) can be written asFig. 6. Frequency response of thx1ðZÞ
X1ðZÞ
¼ 1
N
"
1 ZN
1 ej2p=NZ1 þ
1 ZN
1 ej2p=NZ1
#
(16)
From (16), the ﬁlter characteristics of DFT can be determined.
3.1.1. Frequency response of DFT ﬁlter
The frequency response of DFT ﬁlter deﬁnes the noise rejection
capability and phase response of the system, and can be derived
from Equation (16). Fig. 5 illustrates the pole-zero plot for DFT
ﬁltering. As one can be seen that, two poles are cancel with zeros
and N  2 zeros equidistantly spaced on the unit circle. As a
consequence, the ﬁlter has a ﬁnite impulse response (FIR) equal to
one time window period (1/f) and it leads to the DFT ﬁlter is un-
conditionally stable [8]. The corresponding frequency response of
DFT ﬁltering is illustrated in Fig. 6 with time window of 20 ms and
64 samples per time window. For low frequencies the magnitude
envelope initially rolls off at 30 dB/decade but asymptotes to 20 dB/
decade such that at 1 Hz the magnitude response is 53.5 dB. This
characteristic shows that ﬁlter will attenuate the effect of sub
harmonic in the line voltage. For frequency greater than the
fundamental signal frequency (f) the harmonic rejection is clear,
and the magnitude envelope rolls-off at 20 dB/decade up to the
sampling frequency(fs ¼ 3200 Hz) Therefore the DFT ﬁlter shows
the band pass characteristics [13].
4. Improved SDFT algorithm for phase detection
Fig. 7 depicts the improved phase detection system using SDFT
in order to track the frequency and phase of fundamental compo-
nent of grid voltage. The proposed system consists of SDFT, Moving
average ﬁlter, PI controller and Numerically Controlled Oscillator
(NCO). This section describes the detailed analysis of proposed
SDFT for phase detection.
4.1. SDFT
With reference to E. Jacobsen et al., in the proposed SDFT, the
computation involves for N samples and the SDFT requires 4N real
multiplication and 4N real addition, whereas DFT requires 2N real
multiplication and 2N real additions. The computational
complexity of each successive N-point output is O (N2) for DFT,e DFT ﬁlter, N ¼ 64, k ¼ 1.
A/D SDFT PhaseDetector
HMA (Z)
ena
PI Controller
enaoLimiter
NCO
enao
Sampling
Pulses
fs+∆fs
25.6KHz
Re
Im
e
ebar
α
Input Signal
x(t)
enax(n)
Fundamental
Moving
Average
Filter
Fig. 7. Block diagram of novel SDFT based PLL.
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more efﬁcient as it requires small number of operations to extract a
single frequency component, thereby reducing computational
complexity and simpler than DFT [10].
Moreover, SDFT is a versatile algorithm capable of extracting in
phase and quadrature components of fundamental frequency from
distorted grid voltages. In this work SDFT ﬁlter is designed for the
signal with the fundamental frequency of f, window width N, and
the sampling frequency fs. If it is driven by another signal whose
frequency is f þ Df, the sin and cosine output show a phase shift of
Df which is proportional to Dfs. This property is highly useful for
phase detection, which adjusts fs to fsþ Dfs making the use of Df. In
addition to that, the proposed SDFT compute the N-point DFT for a
single bin (k), centered at an angle qk¼ 2pk/N rad, on the unit circle,
which is corresponding to the cyclic frequency of kfs/N Hz. The bin
index k is 0  k < N. However, for successful implementation of
SDFT, the sampling frequency (fs) should be equal to the nominal
fundamental signal frequency (f) and window width N. Thus the
SDFT phase detection is a real-time signal processing algorithm
which is insensitive to harmonics distortion and robust against
frequency and phase variations [8].
The N-point SDFT Equation [9] of x(n) for nth instant is
XkðnÞ ¼
h
Xkðn 1Þ  xðn NÞ þ x

n
i
ej2pk=N (17)
where x(n  N) is delay input sample and x(n) is current input
sample.
The transfer function in the z-domain for the kth bin SDFT is
H

Z
 ¼

1 ZNeðj2pk=NÞ
1 eðj2pk=NÞZ1 (18)Z-N
Input
Signal
x(n)
+ Z-1
Z-1
x
2cosθk
+
+
-
+
- +
Comb Filter Recursive
Part
Resonator
Fig. 8. SDFT sThe factor 1  ZN is a comb ﬁlter of the ﬁnite-impulse response
(FIR). The real and imaginary component of Xk(n) can be generated
from resonator and comb ﬁlter. The structure of SDFT for kth bin is
shown in Fig. 8. The real and imaginary component of H(Z) is given
as;
Re½HðZÞ ¼

1 ZNcos2pk=N Z1
1 2 cos2pk=NZ1 þ Z2 (19)
Im½HðZÞ ¼

1 ZNðsinð2pk=NÞÞ
1 2 cos2pk=NZ1 þ Z2 (20)
In the phase detector, the exact cosine signal obtained from
fundamental SDFT bin (k ¼ 1) is multiplied with the input signal to
yield e. The output from the phase detector is given to moving
average ﬁlter in order to reduce the phasemargin. The output of the
moving average ﬁlter is processed by a PI controller, which provides
the control input for numerically controlled oscillator (NCO) with
zero steady state error. Hence NCO generates the sampling pulses at
required rate.
4.2. PI controller
In order to provide the steady dc input a to the NCO, evenwhen
the phase error tends to zero at steady state, a PI controller is
combined with the phase detection circuit. Thus the transfer
function of the controller in the frequency domain is
HPIðZÞ ¼ Kp þ
KpTenao
Ti

1 Z1 (21)
where Kp is the proportional gain, Ti integral time constant and
Tenao is the enabling time, for the PI block. The enabling frequency
fenao ¼ (1/Tenao) was ﬁxed at 25.6 kHz. The output of the PI
controller is limited to ±1. And the Saturation limits are allowed to
prevent overﬂow of the integrator registers, which can incidentally
limits the control input a applied to the NCO.
4.3. Frequency response characteristics
The frequency response characteristic of SDFT ﬁltering deﬁnes
the noise rejection capability and phase response of the system, and
can be calculated from the Z-transform of the Equation (18). From
that, pole-zero plot for SDFT ﬁltering is plotted and is given in Fig. 9.
And it reveals that, two poles are canceling with zeros and N  2
zeros equidistantly spaced on the unit circle. The extraction of
single frequency component produces two poles that cancel with
zeros. The poles are located on the unit circle and therefore thex +
x
sinθk
cosθk
Im[Xk(n)]
Re[Xk(n)]+
-
Non Recursive
Part
x
2/N
x
2/N
tructure.
Fig. 9. Pole-zero plot for a SDFT ﬁlter with N ¼ 128, k ¼ 1.
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bin sliding ﬁlter for N ¼ 128 and k ¼ 1 is illustrated in Fig. 10. It
states that, the corresponding to the value of ‘k’, it allows the
fundamental frequency component of grid voltagewith rejection of
all sub and higher order harmonic components. So it reveals neither
passband nor stopband characteristics of the ﬁlter, but they
adequate for coherent sampled signals [11].5. Results and discussion
In order to analyze the proposed study, simulations tests have
been carried out in the MATLAB-Simulink environment and the
following parameters are considered for the study.
Input voltage U ¼ 230 V(rms), f ¼ 50 Hz, N ¼ 128,
fenao ¼ 25.6 kHz, Kp ¼ 0.01 and Ki ¼ 0.0026.
The abnormal conditions namely; high frequency harmonic in-
jection, frequency variation and phase variation of grid voltages are
examined for accurate phase detection in this study using SDFT
algorithm.Fig. 10. Frequency response of5.1. Response of DFT ﬁltering
5.1.1. High frequency harmonic injection
The input signal contains fundamental frequency of 50 Hz, with
33% of 3rd, 25% of 5th, 17% of 7th, 13% of 9th and 8% of 11th har-
monics which is shown in Fig. 11(a) according to Equation. (22) as
given below.
xðtÞ ¼ 325:27 sinðutÞ þ 107:34 sinð3utÞ þ 81:32 sinð5utÞ
þ 55:30 sinð7utÞ þ 42:28 sinð9utÞ þ 26:02 sinð11utÞ
(22)
This input signal is given to conventional DFT ﬁltering the real
and orthogonal signals are extracted and the corresponding ob-
tained results are shown in Fig. 11(b).The actual and estimated
phases and phase angles are extracted at accurate sampling rate by
using NCO as shown in Figs. 11(c) and Fig. 13(d) respectively. Total
Harmonic Distortion (THD) of harmonic contented input signal is
47.29% and the fundamental signal extracted by DFT with the THD
of extracted signal is 3.28% which is shown in Fig. 11(e).
5.2. Response of SDFT ﬁltering
This section describes the superior performance of SDFT
ﬁltering for phase detection during adverse situation of grid such as
high frequency harmonic injection, Frequency deviation and Phase
variation etc.
5.2.1. Harmonic injection
By injecting the same input signal as shown in Fig. 12(a) to SDFT
ﬁltering, the fundamental frequency component is accurately
extracted as compared to DFT ﬁltering. On the other hand, the
proposed recursive SDFT ﬁltering is less sensitive to harmonics and
grid parameter variations. The corresponding estimated real and
orthogonal signals are shown in Fig. 14(a). The actual and estimated
phases and phase angles are extracted at accurate sampling rate by
using NCO as shown in Fig. 12(b) and (c) respectively. As a result,
the THD of grid voltage is reduced to 1.65% with more fundamental
component as compared to DFT ﬁltering which is depicted in
Fig. 12(d).
5.2.2. Frequency deviation
In order to test the transient response of proposed SDFT ﬁltering
system, same frequency variation is consideredwhich is depicted in
Fig. 13(a) with the frequency of the input signal changed fromthe SDFT ﬁlter, N ¼ 128.
Fig. 11. Response of DFT ﬁltering during harmonic injection. (a) Input signal with harmonic injection. (b) Inphase and quadrature components. (c) Response of actual and estimated
phases. (d) Actual and estimated phase angle. (e) THD of grid voltages.
Fig. 12. Response of SDFT ﬁltering during harmonic injection. (a) Inphase and quadrature components. (b) Response of actual and estimated phases. (c) Actual and estimated phase
angle. (d) THD of grid voltages.
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Fig. 13. Response of SDFT ﬁltering during frequency deviation. (a) Input signal with frequency variation (zoomed view). (b) Actual and estimated phases. (c) Actual and estimated
phase angle. (d) Transient response of DFT ﬁltering.
Fig. 14. Response of SDFT ﬁltering during phase variation (a) Input voltage waveform
(input voltage þ1.57 rad (zoomed view). (b) Actual and estimated phase angles. (c)
Control input for ±1.57 rad step change in phase in 50 Hz.
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and estimated phases and phase angles are extracted at sampling
rate by using NCO as shown in Fig. 13(b) and (c) respectively. As an
evidence of Fig. 13(d), the PI controller output settles at the new
value of a from 52 to 48 at 1sec when frequency changes from
49.5 Hz to 50 Hz as shown in Fig. 13(d). It is observed that, the
proposed DFT ﬁltering can be able to accurately estimate the phase
of the fundamental signal during frequency variations. Therefore,
the precise detection of phase angle is realized by the proposed
SDFT ﬁltering. In exacting, the transient response of sliding DFT
ﬁltering is faster than DFT ﬁltering scheme.5.2.3. Phase variation
The transient performance of the proposed SDFT ﬁltering during
phase variation is also tested for better understanding. The phase of
the input signal set to þ1.57 rad (Um * sin(ut þ (p/2)) at
0 s, 1.57 rad (Um * sin(ut  (p/2)) at 1 s and þ1.57 rad
(Um * sin(ut þ (p/2)) at 2 s the zoomed view as shown in Fig. 14(a).
The actual and estimated phases are extracted by SDFT using
enabling pulse applied by NCO as shown in Fig. 14(b). The PI
controller output settles at the new value of a from 30 to 48 when
phase changes to 1.57 rad at 1 s as shown in Fig. 14(c). Therefore
the transient response of SDFT is faster than DFT ﬁltering scheme.
In addition to that, the acquisition of fundamental signal is faster
than DFT ﬁltering scheme [12].6. Conclusions
This work proposes and alternative method of phase detection
based on SDFT algorithm for grid synchronization of distributed
generation system. From the proposed study it was observed that,
SDFT phase detection system is more efﬁcient as it requires small
number of operations to extract a single frequency component,
thereby reducing computational complexity and simpler than DFT.
Moreover, SDFT can enable to extract the fundamental frequency of
the phase accurately during adverse condition of the grid. Thus the
proposed phase detection system that in addition to detecting the
grid phase angle and frequency can detect current harmonics and
extract the active/reactive current component for power quality
B. Chitti Babu et al. / Engineering Science and Technology, an International Journal 17 (2014) 270e278278purposes. Therefore, the immediate advantages of the proposed PLL
are: frequency adaptability, high degree of immunity to distur-
bances and harmonics, and structural robustness. Moreover, the
proposed synchronization scheme can further be used for grid
measuring, monitoring and processing of the grid signal.
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